Introduction
Exposure of cells to genotoxic agents like ionizing radiation (IR) and UV light causes multiple types of cell damage. Both IR and UV cause DNA lesions, IR primarily causing DNA strand breaks, whereas UV light predominantly induces pyrimidine dimers and 6-4 photoproducts (Pfeiffer et al., 1996) . IR and UV treatment also trigger the generation of reactive oxygen species (ROS), which can cause lipid peroxidation, glutathione depletion and oxidation of proteins (Mercurio and Manning, 1999) . The cell responds to this damage by activating multiple signaling pathways, resulting in the induction of genetic programs mediating the response to the afflicted damage.
One of the main protective responses to IR and UV is the induction of cell cycle arrest via the activation of cell cycle checkpoints. This enables cells to recognize and repair DNA and other damage before DNA synthesis or mitosis is continued (reviewed in Zhou and Elledge, 2000) . An essential signaling enzyme in the activation of cell cycle arrest by IR or radiomimetic agents is the ATM kinase. In ATM-negative cells, IR cannot efficiently stabilize and activate transcription factor p53. This results in suboptimal and retarded induction of p53 target genes like p21 CIP1/Waf1 and, as a consequence, inappropriate G1 arrest (Bar Shira et al., 2002, reviewed in Rotman and Shiloh, 1999) . In humans, homozygous mutation of the Atm gene causes ataxiatelangiectasia (A-T), a pleiotropic disease characterized by neurodegeneration, immunodeficiency, premature aging, increased cancer risk and extreme sensitivity to ionizing radiation (reviewed in Rotman and Shiloh, 1999) . A second component of the IR response is the Nibrin1 (NBS1) protein, mutation of which causes Nijmegen Breakage Syndrome (NBS) (Varon et al., 1998) . Both A-T and NBS cells are hypersensitive to IR, show defects in radiation-induced Ckh2 kinase-dependent G2/M arrest as well as in S phase arrest, resulting in radioresistant DNA synthesis. Recent studies showed that the ATM kinase phosphorylates Nibrin1 and that the ATM and Nibrin1 proteins cooperate in mediating IR-induced S phase and G2/M arrest (Lim et al., 2000; Wu et al., 2000; Zhao et al., 2000; Buscemi et al., 2001; Kim et al., 2002; Yazdi et al., 2002) .
The MAPK-AP-1 network represents another genotoxic stress-induced signaling pathway implicated in protection against cell damage. Treatment of cells with UV or chemical carcinogens activates the JNK/SAPK and p38 MAPKinases through receptor tyrosine kinases and/or cytoplasmic stress-sensors (Sachsenmaier et al., 1994; Coffer et al., 1995; Rosette and Karin, 1996; Wilhelm et al., 1997) . The receptor-dependent activation of JNK and p38 by UV occurs within 15 min, is independent of DNA damage and depends largely on UV-induced oxidative stress (Devary et al., 1992 (Devary et al., , 1993 Sachsenmaier et al., 1994; Knebel et al., 1996; Gross et al., 1999) . JNK and p38 subsequently phosphorylate and thereby activate the transcription factors c-Jun, ATF-2 and TCF/elk1, which induce, among others, the promoters of the c-jun, c-fos and atf3 genes (reviewed by Hai et al., 1999; Shaulian and Karin, 2001) . Together with the other Jun, Fos and (some) ATF family members (JunB, JunD, FosB, Fra-1, Fra-2, ATFa and ATF3) c-Jun, c-Fos and ATF-2 form homo-or heterodimeric complexes collectively called AP-1 transcription factors (Shaulian and Karin, 2001; van Dam and Castelazzi, 2001 ). These AP-1 dimers can be divided into two distinct classes, Jun/Fos and Jun/ATF. Jun/ Fos dimers preferentially bind to 7 bp TGAGTCA motifs, the 'classical' AP-1 sites, whereas Jun/ATF (and ATF/ATF) dimers only efficiently bind to 8 bp TGACNTCA ATF-consensus sites.Depending on their composition, the cell type and the cellular context, AP-1 transcription factors can regulate cell proliferation, differentiation and apoptosis both positively and negatively (for reviews Oncogene 20(19), 2001). Studies with knockout fibroblasts indicate that the role of AP-1 in the response to genotoxic stress depends on the nature and dose of stress. c-Jun activation by low doses of UV allows mouse fibroblasts to exit from p53-imposed growth arrest after UV-C treatment (Shaulian et al., 2000) . However, upon exposure to high levels of UV-C or alkylating agents, c-Jun can induce apoptosis in these cells (reviewed by Shaulian and Karin, 2001) . Under the same conditions, c-Fos protects mouse fibroblasts against treatment with UV or alkylating agents (Haas and Kaina, 1995; Schreiber et al., 1995) .
Relatively little is known about the role of the ATF family members in the cellular response to genotoxic stress, although ATF-2 has been reported to confer resistance to melanoma cells upon treatment with UV, IR or radiomimetic agents (Ronai et al., 1998) . The cJun/ATF-2 target gene atf3 can regulate cell proliferation both positively and negatively (Allan et al., 2001; Mashima et al., 2001; Perez et al., 2001 ) and its expression is strongly induced by both growth factors and stresses (reviewed by Hai et al., 1999) . ATF3 can act both as a repressor and as an activator of transcription, depending on its dimerization partner and the promoter context (Hsu et al., 1992; Wolfgang et al., 2000; Allan et al., 2001) . A recent report of Yan et al. (2002) suggests that ATF3 can modulate growth arrest and gene activation by p53.
In contrast to the effects of UV and a number of other genotoxic stresses, the effects of ionizing radiation on the various AP-1 family members, in particular on the ATF proteins, are hardly known. Here, we show that in primary human fibroblasts, IR efficiently induces Jun/ ATF-2 and Jun/ATF3 activity via ATF-2-Thr69 þ 71 phosphorylation and atf3 gene induction, respectively. However, in contrast to UV, IR does not induce c-Fos and only slightly induces Fra1. The IR-induced signaling pathway to ATF-2 and atf3 required functional ATM and Nibrin1 proteins, but not p53 and reactive oxygen species. In addition, the activation of ATF3 by IR was dependent on the p38 and JNK MAPkinases, who phosphorylate ATF-2-Thr69 rather than ATF-2-Thr71 in response to X-rays. The absence of ATF3 induction and ATF-2-Thr69 þ 71 phosphorylation after IR treatment of A-T and NBS cells might contribute to the extreme radiosensitivity of these cells.
Results
Selective induction of the AP-1 components c-Jun and ATF3 by ionizing radiation AP-1 (Jun, Fos, ATF) transcription factors play an important role in the cellular responses to genotoxic stresses. However, the effects of IR on the various Jun/ Fos and Jun/ATF complexes are hardly known, in contrast to the effects of, for instance, UV light. We therefore analyzed the effects of IR on c-Jun, Fos and ATF family members in primary human diploid fibroblasts. At 4-8 h after irradiation, the total levels of c-Jun and ATF3 were increased in the IR-treated cells, whereas enhanced c-Jun-Ser73 phosphorylation was already detected at 2 h (Figure 1 ). The increase in c-Jun-phosphorylation by IR was much weaker than the increase upon UV irradiation, which also resulted in mobility-shifted c-Jun (indicated by the two arrows) representative for c-Jun hyperphosphorylation. The levels of Fra1 only showed a very minor increase after IR compared to the mock treatment, whereas induction of c-Fos was only detectable upon UV irradiation. In contrast to their effects on c-Jun and ATF3, IR and UV did not significantly influence ATF-2 expression. However, the electrophoretic mobility of ATF-2 was reduced, probably because of changes in phosphorylation (see below). These results show that IR and UV induce different spectra of AP-1 in human fibroblasts, Figure 1 Differential effects of IR on AP-1 family members. Serum-starved primary human diploid fibroblasts derived from a healthy individual were nontreated (0), irradiated with 30 Gy IR, mock treated for IR (m) or irradiated with 10J/m 2 UV-C light (UV-C). Protein lysates were prepared 2, 4 and 8 h after treatment and subjected to gel electrophoresis followed by immunoblotting using the indicated antibodies that is, IR induces mainly c-Jun/ATF3 activity, whereas UV induces both c-Jun/c-Fos and c-Jun/ATF3.
Distinct kinetics of ATF3 induction by IR and serum
As ATF3 was the most pronounced IR-induced AP-1 component in human diploid fibroblasts, we next investigated the mechanism of this induction. atf3 mRNA levels were found to increase around 2 h after IR treatment and to peak at 6-8 h (Figure 2a ). The atf3 mRNA induction was found to resemble both in strength and kinetics the IR induction of p21 and gadd45 mRNA, two genes involved in IR-induced cell cycle arrest and apoptosis (Kastan et al., 1992; El-Deiry et al., 1994) (Figure 2a and data not shown). Compared to the induction of atf3 by serum, which is maximal at 1 h, the induction of atf3 by IR is relatively slow. IR induction of ATF3 was inhibited when cells were preincubated with 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole (DRB), an inhibitor of RNA polymerase II elongation (Tamm et al., 1976; Zandomeni et al., 1982) , indicating that it is mediated predominantly at the level of transcription ( Figure 2b ).
IR-induction of ATF3 is not dependent on oxidative stress
Many ATF3-inducing agents have been reported to activate gene expression via ROS and/or oxidative stress (Hai, 1999; Mercurio and Manning, 1999) . To investigate whether such molecules are also essential intermediates in atf3 gene induction by IR, cells were preincubated with 30 mm of the active oxygen scavenger n-acetylcysteine (NAC). As depicted in Figure 3 , NAC completely blocked the induction of ATF3 by H 2 O 2 , an agent inducing high levels of oxidative stress, whereas the induction of ATF3 by UV was inhibited more than twofold. In contrast, NAC pretreatment did not at all prevent IR induction of ATF3. In fact, the oxygen scavenger enhanced the activation of ATF3 by IR. This suggests that IR induces ATF3 via a different mechanism than H 2 O 2 and UV-C, independent of oxidative stress and ROS.
ATF3 induction after IR requires ATM but not p53
To examine whether the ATM protein, a key player in regulation of the cellular response to double-strand DNA, breaks is involved in induction of ATF3 after IR, ATF3 induction was analysed in human diploid A-T fibroblasts. Interestingly, these ATM-deficient cells did not show a detectable increase in atf3 mRNA and protein after IR, while induction by UV was as strong as in wild-type (WT) fibroblasts (Figures 4a and b) . These results indicate that the induction of ATF3 by IR, but not UV, requires functional ATM. 2 UV-C. Protein lysates were made 6 h after IR and ATF3 induction was determined by Western blot analysis. As a control for equal loading, the levels of p38 are depicted, which are not affected by the treatments The ATM kinase has also been found to be required for efficient IR-induced activation of the tumor suppressor protein p53, although residual induction of p53 and activation of the p53 target gene p21 by IR can be detected in ATM-deficient cells approximately 2 h after irradiation (Khanna et al., 1995; Jongmans et al., 1997; reviewed in Abraham, 2001 ). As p53 is one of the transcription factors that can mediate atf3 gene activation (Amundson et al., 1999) , we next examined the role of p53 in the IR induction of ATF3. Although to a lesser extent than in WT cells, p53 and p21 were still induced by IR in ATM-deficient cells, whereas ATF3 induction is completely abrogated (Figure 4a and c) . This suggests that in human diploid fibroblasts, p53 activation is not sufficient for IR induction of ATF3. To further address the involvement of p53, we examined ATF3 induction in normal human fibroblasts transformed by SV40 T/t antigen, which functionally inactivates p53, and thereby inhibits the induction of p21 (Figure 4d ). Importantly, ATF3 induction by IR was unaffected in these SV40-transformed cells (Figure 4d ). From these experiments, we conclude that in human fibroblasts activation of ATF3 expression by IR requires functional ATM but not functional p53.
IR-induction of ATF3 is absent in NBS cells
Recent studies indicate that the ATM and the NBS protein Nibrin1 cooperate in the cellular response to IR. Indeed, similar as found for ATM-deficient cells, induction of ATF3 protein and mRNA by IR was absent in Nibrin1-deficient fibroblasts, whereas the induction of ATF3 by UV was not affected (Figure 5a and b). In contrast to ATF3, p21 was efficiently induced by IR in the NBS cells (Figure 5 ), indicating that p53 is sufficiently activated by IR in the absence of Nibrin1, which is in agreement with previous studies (Yamazaki et al., 1998; Lim et al., 2000) . Thus, absence of ATM and Nibrin1 in human diploid fibroblasts does not cause a general defect in IR-induced gene expression, but rather specifically blocks IR-induced activation of the atf3 gene.
ATF3 induction by IR involves phosphorylation of ATF-2-Thr69 þ 71 by p38 and JNK
We next examined the role of the MAPkinases in the induction of ATF3 by IR. Western blot analysis with phospho-specific antibodies showed that IR predominantly activates p38 (Figure 6a ). IR activated JNK only very weakly, whereas it did not further enhance the relatively high basal activity of ERK in the primary human fibroblasts. As the activation of p38 and JNK by IR was much less strong than their activation by UV (Figure 6a ), we tested whether it is functionally relevant for ATF3 activation. For this purpose, cells were treated with two specific inhibitors of p38 and JNK, SB203580 and SP600125, respectively (Cuenda et al., 1995; Bennett et al., 2001) . As shown in the right panel of Figure 6b , pretreatment with only the p38 inhibitor (lanes marked 'SB') did not inhibit, but in fact slightly enhanced ATF3 CIP/Waf1 mRNA expression in the IR-or UV-C-induced Nibrin1-deficient fibroblasts described under (a). gapdh expression was examined as a control for equal loading Figure 6 ATF3 induction by IR requires JNK and p38 MAP kinases. (a) Western blot analysis of the effects of IR and UV-C on ERK, SAPK/JNK and p38 phosphorylation in primary human fibroblasts. Cells were irradiated with IR, UV-C or mock-treated as described in Figure 2 and harvested after 2 h. The blots were probed with antibodies specific for the phosphorylated, active forms of the kinases. (b) Primary human fibroblasts were incubated with the p38 inhibitor SB203580 (SB), the JNK inhibitor SP600125 (SP) as indicated (for 60 min and 15 min, respectively) and subsequently IR-( þ ) or mock-treated (À). Protein extracts were prepared 2 and 6 h later and analysed for the levels of total ATF3, phosphorylated active JNK, and Thr69 þ 71-phosphorylated ATF-2 by western blotting. (c) Western blot analysis of IR-induced ATF-2-Thr71 and ATF-2-Thr69 þ 71 phosphorylation of the cells depicted under (a). The faster migrating band detected by the ATF-2 phospho-specific antibodies seems to represent a shorter, alternatively spliced ATF-2 product, which is not recognized by the C-terminal ATF-2 antibody (Georgopoulus et al., 1992) . For the specificity of the phospho-specific antibodies, see Ouwens et al. (2002) IR induction of ATF3 is dependent on Nibrin 1 and ATM J Kool et al induction by IR. However, besides inhibiting p38, SB203580 also strongly enhanced the activation of JNK by IR, as is most clearly visible at 2 h after IR treatment (Figure 6b , left panel). Pretreatment with only the JNK inhibitor (lanes marked 'SP') slightly reduced ATF3 induction, indicating that in the absence of SB203580 JNK only weakly contributes to ATF3 induction. However, the combination of the two inhibitors was found to completely block the activation of ATF3 by IR. We therefore conclude that IR induction of ATF3 requires both p38 and JNK activity. p38 and JNK can activate both the c-jun and atf3 promoters via Jun/ATF sites and a mechanism involving N-terminal phosphorylation of c-Jun/ATF-2 (Cai et al., 2000; Shaulian and Karin, 2001; van Dam and Castelazzi, 2001 ; C van der Burgt en H van Dam, unpublished results). Therefore, we next examined whether IR enhances p38-and JNK-dependent phosphorylation of ATF-2. As shown in Figures 6b and c, ATF-2-Thr69 þ 71 phosphorylation is clearly increased after IR treatment of wild-type human diploid fibroblasts and like the induction of ATF3, the increase in ATF-2-Thr69 þ 71 phosphorylation was inhibited by pretreatment of the cells with the combination of the p38-inhibitor SB203580 and the JNK-inhibitor SP600125. Please note that the presence of only SB203580 enhanced the phosphorylation of ATF-2 by IR, similar as was found for the phosphorylation of JNK (Figure 6b ). These results thus show that IR induces both ATF3 expression and ATF-2-Thr69 þ 71 phosphorylation in human diploid fibroblasts via p38 and JNK.
We recently found that the weak activation of p38 and JNK by growth factors is sufficient for ATF-2-Thr69 þ 71 dual phosphorylation when Thr71 is already monophosphorylated by ERK (Ouwens et al., 2002) . As human diploid fibroblast contain relatively high levels of active, phospho-ERK (Figure 6a ), which are not significantly elevated by IR, we examined the effects of IR on ATF-2-Thr71 monophosphorylation. As depicted in Figure 6c , the human fibroblasts contain significant levels of Thr71 monophosphorylated ATF-2, which were only mildly enhanced by IR and to a much lesser extent than the increase in Thr69 þ 71 dual phosphorylation. Thus, the IR-induced stress kinases predominantly enhance ATF-2-Thr69 phosphorylation.
In summary, these results demonstrate that activation of JNK and p38 by IR is essential for IR-induced ATF3 gene induction and ATF-2-Thr69 þ 71 dual phosphorylation, but not for ATF-2-Thr71 monophosphorylation.
No IR-induced ATF-2-Thr69 þ 71 phosphorylation in A-T and NBS cells
Since the induction of ATF3 by IR was found to be dependent on ATM and Nibrin1, we subsequently examined whether these signaling components are also required for ATF-2-Thr69 þ 71 phosphorylation by IR. As shown in Figure 7 , no increase in ATF-2 Thr69 þ 71 phosphorylation was detected in A-T and NBS fibroblasts (Figure 7) . In contrast, UV treatment of the A-T and NBS cells did result in strong phosphorylation of ATF-2-Thr69 þ 71, demonstrating that these cells contain functional ATF-2 as well as JNK and/or p38. (Note that short exposures of films for the UV-treated samples are shown compared to the longer exposures for IR-treated samples.)
In summary, these data identify both ATF-2 and ATF3 as targets of the ATM and Nibrin1-signaling pathway.
Discussion
Exposure of cells to genotoxic agents leads to activation of multiple signaling pathways and transcription factors, which mediate the induction of transient or irreversible growth arrest, programmed cell death and/or the induction of detoxifying enzymes. The mechanisms by which different types of DNA-damaging agents activate these signaling enzymes and gene expression programs are still poorly understood. In this study, we have investigated the effects of IR on transcription factor AP-1 components and AP-1-activating MAPkinases. We found that, in primary human fibroblasts, IR activates Jun/ATF transcription factor activity rather than Jun/Fos activity, and that this activation involves both Thr69 þ 71 phosphorylation of ATF-2 and de novo synthesis of c-Jun and ATF3. The p38 enzymes appear to be the main MAPkinases mediating Jun/ATF activation by IR in human diploid fibroblasts, as the JNK family members are only very weakly activated under normal conditions. These results are in line with previous studies showing that IR also very inefficiently activates JNK/SAPkinases in mouse embryo fibroblasts (Liu et al., 1996; Shaulian and Karin 1999) . The fact that c-Fos is efficiently induced by genotoxic stresses like UV and the alkylating agent MMS, but not by IR, could mean that c-Fos, which protects fibroblasts against UV light and MMS (Haas and Figure 7 IR-induced phosphorylation of ATF-2 requires ATM and Nibrin1. Primary human fibroblasts and fibroblasts derived from ATM and NBS patients were treated with IR, UV-C or mock-treated as described in the previous figures. At 2 h after stimulation, cell extracts were prepared and analysed by Western blotting using either an antibody specific for Thr69 þ 71-phosphorylated ATF-2 or an antibody recognizing total ATF-2 Kaina, 1995; Schreiber et al., 1995) , is not involved in protection against IR-induced damage. In addition, the absence of c-Fos induction suggests that IR induces AP-1 activity via different stress sensors and signaling enzymes than UV and other genotoxic stresses. Indeed, we found that IR, unlike UV and H 2 O 2 , does not induce ATF3 expression via the generation of ROS and/or oxidative stress. Moreover, the activation of ATF-2 and ATF3 by IR, but not UV, was found to require ATM and Nibrin1, two essential signaling enzymes in the cellular response to IR.
The ATF3 induction via ATM and Nibrin1 was expected to be dependent on p53, since (a) the induction of ATF3 by IR in mouse thymus cells requires p53 (Amundson et al., 1999) and (b) ATM and Nibrin1 are involved in the activation of p53 by IR in fibroblasts (reviewed by Rotman and Shiloh, 1999; Girard et al., 2002 and references therein) . However, in contrast to ATF3, activation of p53 and its downstream target p21 CIP/Waf1 by IR could still be detected in A-T cells and was not significantly affected in Nibrin1-deficient fibroblasts. Moreover, IR still efficiently induces ATF3 in WT human fibroblasts after inactivation of p53 by SV40 T/t. This suggests that activation of ATF3 by p53 is cell-type-specific. In addition, it shows that IR induction of ATF3 rather than IR induction of p21 CIP/Waf1 is strictly dependent on ATM and Nibrin1. Studies with specific inhibitors showed that induction of ATF3 by IR in human fibroblasts is associated with p38-and JNK-dependent dual phosphorylation of ATF-2-Thr69 þ 71, two residues in the ATF-2 transactivation domain that enhance ATF-2's transactivating capacity upon phosphorylation (Gupta et al., 1995; Livingstone et al., 1995; van Dam et al., 1995; Kawasaki et al., 2000) . ATF-2 can activate the atf3 promoter by binding to its Jun/ATF site, an element that is essential for atf3 activation upon exposure to various JNK and p38 stimuli (reviewed in Hai et al., 1999; Cai et al., 2000; H van Dam, unpublished results) . Although activation of p38 and, in particular, JNK by IR is relatively weak in fibroblasts, these MAPkinases were found to be essential for ATF-2 phosphorylation and ATF3 gene induction. Interestingly, IR predominantly induced Thr69 phosphorylation, whereas Thr71 was already significantly phosphorylated prior to IR treatment. As monophosphorylation of ATF-2-Thr71 in nonirradiated cells appears to be mediated by ERK (J Kool, unpublished observations), the activation of ATF-2 by IR resembles the recently described two-step activation of ATF-2 by growth factors, which also involves two different MAPKs (Ouwens et al., 2002) .
The fact that ATF3 induction but not p21
induction is strictly dependent on ATM and Nibrin1, suggests that the absence of ATF3 induction in cells from AT and NBS patients might contribute to the radiosensitivity of these cells. A-T and NBS cells show a very similar phenotype in the sense that they are both defective in IR-induced S phase and the G2/M phase arrest (Lim et al., 2000; Zhao et al., 2000; Wu et al., 2000; Buscemi, 2001; Kim et al., 2002; Yazdi et al., 2002) . Interestingly, a recent report of Yan et al. (2002) links ATF3 induction to p53-regulated growth arrest and gene activation. These authors showed that ATF3 can bind to p53 both in vitro and in vivo and thereby inhibit the transcription activation of the mmp-2 gene by p53. Moreover, they showed that the prolonged G2/M arrest mediated by p53 after IR is abrogated in cells stably transfected with an ATF3 expression vector. ATF3 might therefore be required for proper regulation of p53-dependent gene expression and/or cell cycle arrest. Understanding the role of ATF3 in the IRinduced stress response might thus help to understand the aberrant response of A-T and NBS cells to IR and the complex phenotype of these genetic disorders.
Materials and methods

Cells and cell culture
The primary human foreskin fibroblasts used in this study have been described: VH10 and VH10 cells transformed with SV40 (Klein et al., 1990) , A-T fibroblasts AT4BI and AT5BI, and NBS fibroblasts 79RD27 (Jaspers et al., 1988) . Cells were grown on DMEM (Life technologies, Inc, Paisley, UK) supplemented with 8% FBS (Life Technologies, Inc), penicillin and streptomycin. Before irradiation or serum stimulation of primary fibroblasts, cells were grown to full confluence, after which the medium was replaced with DMEM containing 0.5% serum. Cells were subsequently kept on low serum for 3 days prior to treatment. SV40-transformed cells were irradiated, while growing on 8% FBS medium when dishes were 80-90% confluent. For ionizing irradiation, cells were irradiated with 30 Gy of X-ray in medium at room temperature at a dose rate of 2 Gy/min (200 kV, 4 mA, Andrex Smart 225 source). For UV-C irradiation, a 30 W germicidal lamp (TUV; Philips Electronic Instruments Inc, Eindhoven, The Netherlands) was used with a dose rate of 0.5 J/m 2 s. Prior to UV treatment, the medium was collected, cells were washed once with PBS (10 mm Na 2 HPO 4 /0.14 mm NaCl, pH 7.4), and the PBS was removed before irradiation at room temperature. After irradiation, cells were refed with the collected medium. 
RNA isolation and Northern analysis
RNA was isolated with the SV total RNA isolation system of Promega Corporation (Madison, WI, USA). After RNA isolation, an additional acid phenol extraction was performed. Northern analysis using as probes p21 CIP/Waf1 and gapdh has been described (van Laar et al., 1995) . As atf3 probe, a 709 bp NaeI-XbaI fragment was used.
Western analysis and antibodies
For preparation of protein extracts, cells were washed once with ice-cold PBS and subsequently lysed on ice in ice-cold buffer containing 10 mm Tris pH7.5, 150 mm NaCl, 1% NP40, 1% sodium deoxycholate and 0.1% sodium dodecyl sulfate containing protease and phosphatase inhibitors (van Dam et al., 1993) . Lysates were cleared by centrifugation. Protein (20 mg) was loaded on SDS-PAGE gels. Antibodies used are Fra1 (R-20), c-Jun (H79), ATF-2-C19, p38-N20, p21-C19, p53-DO1 and ATF3-C19 from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA), c-Fos (06-341) from Upstate (Charlottesville, VA, USA), phospho-specific ATF-2-Thr71, ATF-2 Thr69 þ 71, ERK-Thr202/Tyr204 and PhosphoPlus s p38 MAP Kinase (Thr180/Tyr182) from Cell Signalling Technology, Inc. (Beverly, MA, USA) and Anti-ACTIVE s JNK pAb pTPpY from Promega Corporation (Madison, WI, USA). As second antibodies, goat-anti-rabbit antibodies labeled with horseradish peroxidase were used. Proteins were made visible using enhanced chemoluminescence. For blots incubated with ATF-2-Thr69 þ 71 antibodies, we used LumiLight plus Western blotting substrate from Roche Diagnostics, Basel, Switzerland.
